Abstract D-optimal mixture experimental design was used to determine the optimal mixture of composites from rubberwood (Hevea brasiliensis) flour and recycled polypropylene and to systematically analyze the effects of composition, namely recycled polypropylene, rubberwood flour, maleic anhydride-grafted polypropylene, and ultraviolet stabilizer fractions. Panel samples were extruded, and their properties were characterized. The overall compositions significantly affected water absorption, thickness swelling, flexural strength and modulus, and maximum strain. Water absorption and thickness swelling increased with the fraction of rubberwood flour. At long immersion times, flexural strength and modulus decreased, but maximum strain increased with high fraction of rubberwood flour. The fraction of maleic anhydridegrafted polypropylene only slightly affected water absorption and flexural properties, while the ultraviolet stabilizer fraction had a clear negative effect increasing water absorption and decreasing flexural properties. The models fitted were used for optimization of a desirability score, substituting for the multiple objectives modeled. The optimal formulation found was 68.9 wt% recycled polypropylene, 25.0 wt% rubberwood flour, 5.0 wt% maleic anhydride-grafted polypropylene, 0.1 wt% ultraviolet stabilizer, and 1.0 wt% lubricant. This formulation of the composites can be used for most suitable applications based on the moisture resistance.
Introduction
In the recent decades, plastic waste has globally become a significant contributor to municipal solid waste. 1 In 2008, at least 33.6 million tons of postconsumer plastics were generated in the United States, of which 28.9 million tons went to landfills, 2.6 million tons to combustion and energy recovery, and only 2.2 million tons to recycling. 2 The plastic waste typically includes polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polystyrene (PS). 3 Of all these plastic types, PE and PP significantly contribute to landfills and have similarities in their structure and properties. 4 However, when PE (virgin or recycled) was blended with sawdust, it had lower stiffness and strength than similar composites with PP (virgin or recycled). 5 Due to the availability of plastic waste and increased environmental awareness, there have been many studies on natural fiberreinforced recycled thermoplastics. For example, Cui et al. 1 fabricated composites from postconsumer highdensity polyethylene and wood fiber and found that wood fiber content affected the flexural strength, modulus, and impact strength. Boukehili and NguyenTri 6 manufactured composites from recycled polypropylene (rPP) and short bamboo fiber. They found that chemical treatment of fiber significantly improves the impermeability to helium gas and reduces the amount of water absorption. Kazemi et al. 4 produced composites from wood sawdust and blends of postconsumer PE and PP. The wood flour in composites increased tensile, flexural, and torsion moduli in comparison to the recycled plastic blends. Nourbakhsh et al. 7 also concluded that polypropylene waste and wood waste are promising alternative raw materials for making low-cost wood-plastic composites (WPCs). Hence, the use of recycled plastics may effectively dispose of plastic waste and also reduce the cost of products. 8 The rubberwood industries of Thailand generate a large amount of wood waste in the forms of flour, sawdust, and chips at different stages of wood processing. Generally, rubberwood waste is dumped in landfills or burned, but some is used in medium-density fiberboard and particle board. 9 Rubberwood waste as reinforcement in plastic composites is of great interest both for economic and for environmental reasons. Natural fiber (wood waste)-reinforced thermoplastics also offers many advantages including biodegradability, renewable character, low cost, absence of associated health hazards, and low wear of processing equipment, [10] [11] [12] [13] when compared with synthetic fibers. 14, 15 Natural fibers have successfully improved the mechanical properties of plastic composites, as the following examples demonstrate. Homkhiew et al. 9 investigated the effects of rubberwood content on the mechanical properties of recycled PP composites and found that the modulus and hardness of composites increased linearly with an increase of wood flour loadings in the range of 25-45 wt% wood flour. Karmarkar et al. 16 also reported that the tensile strength and modulus linearly increased with an increase of wood fiber from 10 to 50 wt% in PP composites. However, the hygroscopic nature of natural fibers is a disadvantage influencing the performance of the WPCs, when exposed to environmental conditions. 17 The water-absorption characteristics WPCs limit their end-use applications, 17, 18 as several mechanical and physical properties, such as dimensional stability, are affected. Likewise, water absorption (WA) is one of the key parameters in quality assessment of WPCs. 19 The WA of WPCs varies by the wood species, partly because they have different contents of cellulose, lignin, hemicelluloses, and extractants. 20 Hence, the effects of filler on the composite properties need to be characterized, and this has not been done previously for rubberwood flour (RWF) in relation to moisture resistance.
Statistical experimental design, such as mixture design, factorial design, and Taguchi method, is a well-established concept for planning and execution of informative experiments. 21 Recently, WPCs have been studied with designed experiments. For example, Jun et al. 22 used a Box-Behnken design with response surface method to determine which variables influenced board performance significantly. Matuana and Mengeloglu 23 used a four-factor central composite design to develop a response surface model and to study the foamability of rigid PVC/wood-flour composites. Stark and Matuana 24 applied a 2 4 factorial design to determine the effects of two hindered amine light stabilizers, a colorant and an ultraviolet (UV) absorber, and their interactions on the photostabilization of wood flour/high-density polyethylene composites. However, the fractions of components in a mixture cannot be changed independently since they must add up to 100%, and the methods for mixture designs have been created with this in mind. 25 Mixture designs have been successful in many applications, particularly in food and pharmaceutical industries, whereas prior studies on WPCs seem not to have used a mixture design.
Experiments with mixture design enable statistical estimation of individual effects and interactions of components in a mixture, and the fitted models can be used to find the optimal formulation of a composite material. 26 Hence, a mixture experimental design was applied to model physical and mechanical characteristics of WPCs. The main objective of this work was to optimize the mixture ratios for composites made from rPP and RWF, based on experimentally determined WA and flexural failure. The new information created from this work would help better understand the properties of components, and the optimal formulation of the composites can be used for most suitable applications in condition of the water resistance.
Materials and methods Materials
rPP pellets, WT170 with a melt flow index of 11 g/10 min at 230 C, were purchased from Withaya Intertrade Co., Ltd (Samutprakarn, Thailand) and used as the polymer matrix. They have the flexural strength and modulus about 37.02 MPa and 1.27 GPa, respectively. RWF obtained from the cutting process in local furniture industry (Songkhla, Thailand) was used as reinforcement. Maleic anhydride-grafted polypropylene (MAPP) with 8-10% of maleic anhydride was supplied by Sigma-Aldrich (Missouri, USA) and used as a coupling agent to improve the interfacial adhesion between filler and matrix. Hindered amine light stabilizer (MEUV008) was purchased from TH Color Co., Ltd (Samutprakarn, Thailand), chosen as UV stabilizer. Paraffin wax was procured from Nippon Seiro Co., Ltd (Yamaguchi, Japan) and used as lubricant (Lub).
Experimental design to optimize formulation
The region of interest for the current experiments has constraints that imposed on the component fractions, 25 and these can be incorporated in a D-optimal mixture design. The experimental results were used to statistically evaluate the effects of component fractions on WA and flexural failure by using analysis of variance (ANOVA), and the identified models were used to optimize the formulation by using response surface methodology. The experimental D-optimal mixture design and statistical analysis were done with Design-Expert software (version 8.0.6, Stat-Ease, Inc.). The formulations for the manufacture of WPCs were defined by component fractions for rPP (x 1 ), RWF (x 2 ), MAPP (x 3 ), UV stabilizer (x 4 ), and Lub (x 5 ). The upper and lower limits of experimental range are shown in Table 1 . The ranges of rPP and RWF contents obtained from the previous preliminary study 27 and the other compositions were determined following the literature review. For example, Kuo et al. 10 reported that the optimal content of MAPP was 3-4.5 wt%. Despite the fraction of Lub being held constant, it is included as a variable because it contributes to the 100% in the mixture. The design included 15 different formulations and 5 replications to evaluate reproducibility and variances. Thus, the total number of runs was 20, as shown in Tables 2 and 3 . After data collection, linear, quadratic, and special cubic models (see equations (1) to (3) ) were used to model the responses. 
where Y is the predicted response, i, j, k, and l mean rPP, RWF, MAPP, and UV stabilizer, respectively, i is the model response to a pure component in the blend, each ij scales an interaction between components, each ijk scales an interaction of three components, x i , x j ,. . ., x l are the fractions of components, terms with x i x j , x i x k ,. . ., x k x l are the quadratic interactions of the fractions, and the last sum in equation (3) consists of cubic interactions.
Preparation of composites
Prior to compounding, the rubberwood (Hevea brasiliensis) flour was sieved through a standard sieve of mesh size 80 (passing particles smaller than 180 mm) and was dried in an oven at 110 C for 8 h to minimize the moisture content. The WPCs were then manufactured in a two-stage process. In the first stage, WPC pellets were produced: rPP and RWF were dry-blended and melt-blended into WPC pellets using a twin-screw extruder (Model SHJ-36 from En Mach Co., Ltd, Nonthaburi, Thailand). The 10 temperature zones of the extruder were set to a profile in the range of 130-170 C to reduce degradation of the mixture components, while the screw-rotating speed was maintained at 70 rpm. The extruded strand passed through a water bath and was subsequently pelletized. In the second stage, WPC panels were produced: the WPC pellets were again dried in the oven at 110 C for 8 h. WPC pellets, MAPP, UV stabilizer, and lubricant compositions, indicated in Tables 2 and 3 , were then dry-mixed and fed into the twin-screw extruder. The processing conditions for extruding were as follows: (a) temperature profiles: C; (b) screw-rotating speed: 50 rpm; (c) melt pressure: 0.10-0.20 MPa depending on wood flour content; and (d) vacuum venting at nine temperature zones: 0.022 MPa. The WPC panels were extruded through a 9 mm Â 22 mm rectangular die and cooled in ambient air. These specimens were machined following the standards of American Society for Testing and Materials (ASTM) for physical and mechanical testing. 
WA and dimensional stability tests
WA and thickness swelling tests were carried out according to ASTM D570-88 specifications. Before testing, five replicate specimens of each formulation were dried in an oven at 50 C for 24 h. The weight and thickness of each specimen were measured to a precision of 0.001 g and 0.01 mm, respectively. The specimens were then submerged in water at ambient room temperature. After 1, 5, and 10 weeks, soaked specimens were removed from the water, thoroughly dried the surface with tissue papers, and immediately weighed and measured to determine the weight and thickness. The percentage of WA at any given time was calculated following
where WA t is the WA at time t, W 0 is the initial dry weight, and W t is the soaked weight of specimen at a given time t.
The percentage of thickness swelling (TS) at any given time was calculated following
where TS t is the thickness swelling and T t is the soaked thickness of specimen, both at the given time t, while T 0 is the initial dry thickness.
Flexural test of WPCs
Flexural properties of the samples were determined with an Instron Universal Testing Machine (Model 5582 from Instron Corporation, Massachusetts, USA) in accordance with ASTM D790-92. In the destructive flexural tests (three point bending), specimens with nominal dimensions of 4.8 mm Â 13 mm Â 100 mm, a span of 80 mm, and a cross-head speed of 2 mm/min were used. The testing was performed at ambient room temperature of 25 C with five samples of each formulation to obtain an average value.
The measurements of flexural strength (MOR), modulus of elasticity (MOE), and maximum strain (max. ") at failure were done at 1 and 6 weeks, and at the latter time, WA had reached its equilibrium so further testing was considered unnecessary.
Results and discussion
The D-optimal mixture design of experiments, with five fractions as (mutually dependent) variables (that sum to one), had 20 runs in a randomized order. The 12 determined responses were the values of the WA and thickness swelling at 1, 5, and 10 weeks and flexural strength, modulus, and maximum strain at 1 and 6 weeks. The results are summarized in Tables 2 and 3 .
Statistical analysis of the response models
ANOVA of the alternative types of response models revealed that WA at 1, 5, and 10 weeks, TS at 1 and 5 weeks, and MOR at 1 and 6 weeks were best fit with quadratic models, instead of linear, special cubic, or cubic models, whereas MOE at both 1 and 6 weeks was best fit with special cubic model. The MOE at 6 weeks is shown as an example in Table 4 . The sequential model sums of squares for quadratic and special cubic models are significant (p < 0.05), but not for the other model types. Moreover, the lack of fit is clearly insignificant for the special cubic model, suggesting that this model performs well. It also has the highest adjusted coefficient of determination (adj-R 2 ¼ 0.9726) and predicted coefficient of determination (pred-R 2 ¼ 0.9484), further indicating good fit. The detailed ANOVAs in Tables 5 and 6 document the significant quadratic or cubic terms in models for each response, in terms of their p-values. The ANOVA shows the statistical significance (p < 0.05) of these terms supplementing linear models of the fractions, namely rPP, RWF, MAPP, and UV stabilizer. No interaction term was significant in models of WA, MOR, and MOE at 1 week or TS at 5 weeks. However, other response models had significant interactions, for example, between MAPP and UV stabilizer for WA at 5 weeks and between rPP and RWF, rPP and UV stabilizer, RWF and UV stabilizer, and MAPP and UV stabilizer for MOR at 6 weeks. The frequent interactions with UV stabilizer might indicate that it reacted chemically with the other components or affected their distribution and interactions. In addition, the ANOVA also showed that lack of fit was not significant for any of the response surface models at 95% 
Model adequacy checking
Model adequacy checking is performed to verify the appropriate approximation of the fitted model. 29 Figure 1(a) displays the normal probability plots of the residuals for WA at 10 weeks (WAW10). The good linear fit in this plot indicates that the residuals (approximation errors remaining in the model) are close to normally distributed. Basically, normally distributed residuals are a requirement for the validity of least squares regression, so the model is adequate. Likewise, there is no indication of possible outliers, such as faulty experiment cases with particularly large residuals. 25 The plot of residuals versus predicted values in Figure 1 (b) exhibits no obvious patterns that would suggest adding a term to the model, to account for that pattern. If the residuals had such structure, the model would not be appropriate. 25 Figure 1 than about 5%. These adequacy checks of the WAW10 response model indicated accuracy with the model type or its fit to data. Similar checking for the other modeled responses gave no indications of problems with the fitted models either. This type of checking cannot guarantee predictive capability, but suggests that the models are sound approximations for interpolating within the experimental range.
Effect of composition on WA and optimal formulation
The quadratic regression models for WAW1, WAW5, and WAW10 were 
These equations show a positive coefficient for all the individual components, namely rPP (x 1 ), RWF (x 2 ), MAPP (x 3 ), and UV stabilizer (x 4 ), and the coefficients of rPP and RWF increased with immersion time. The rPP has the smallest coefficient in the fit for the WA due to hydrophobicity of this matrix polymer. 19 Contour plots of WAW1 and WAW10 are shown in Figure 2 (a) and (b), respectively. In these triangular plots, the three pure components (rPP, RWF, and MAPP) are represented by the corners, while the additive levels were fixed (UV stabilizer at 0.5 wt% and Lub at 1 wt%). The contours in the colored areas, which include the experimental observations, present the WAW1 and WAW10 regression fits varying from 0.5 to 2.5% and 2.9 to 9.5%, respectively. Both WAW1 and WAW10 clearly increase with an increase in the RWF content: the free OH groups of RWF cellulose increase the WA of the composites. 30, 31 Likewise, the acceleration of water uptake of WPCs could be concluded on four factors such as lumen, hydrophilicity of wood cellulous, microcracks in wood flour, and adhesion between wood flour and polymer matrix. 31 Increasing the MAPP addition from 3 to 5 wt% slightly affects the WA. This is because the coupling agent increases bonding in WPCs, by improving interfacial adhesion between the wood particles and the polymer. Then the plastic can cover more of the wood surfaces, resulting in a lower WA. 32, 33 Besides, Adhikary et al. 8 also concluded that the addition of MAPP significantly reduced the WA, when compared with the composites without MAPP. The composites, consisted of 50 wt% wood flour and 3 wt% MAPP, decreased the WA from 4.1% to 1.31% for the 24-h immersion tests. 8 Furthermore, adding 1 wt% UV stabilizer increased the moisture content in the rPP/RWF composites. This may be attributed to the nonuniform spatial distribution of wood flour, polymer, and UV stabilizer. 9, 34 When WPCs experienced with the nonuniform spatial distribution and poor interfacial adhesion between the compositions, it allows easier access of water into the structure. Figure 3 displays the numerically optimized composition, based on these model fits. Since three models are optimized simultaneously, the software actually uses a single surrogate called ''desirability'' to balance them. This is reasonable because the three characteristics (WA at 1, 5, and 10 weeks) are not competing, but are in a good mutual agreement. The model-based optimal formulations are shown in Table 7 , and the ''overall'' WA represented by the desirability was minimized by 69.3 wt% rPP, 25.0 wt% RWF, 4.6 wt% MAPP, 0.1 wt% UV stabilizer, and 1 wt% Lub, with a high-desirability score of 0.992 that indicates the agreement of the multiple objectives.
Effect of composition on thickness swelling and optimal formulation
The regression fits for the thickness swelling (TS) at 1, 5, and 10 weeks were 
The equations of TS at all immersion times show positive coefficients for fraction of rPP (x 1 ) and RWF (x 2 ) and negative coefficient for fraction of MAPP (x 3 ) due to the decrease of WA and moisture penetration in the composite systems 35 when MAPP was added. Likewise, when the positive coefficients between rPP and RWF were compared, the RWF showed higher coefficients than the rPP due to nature of the hydrophilic filler.
19 Figure 4 shows that TS at 10 week (in range of 1 to 3%) increases with an increase in the RWF fraction. The wood flour expands and keeps absorbing water until the cell walls are saturated. 18 The addition of MAPP from 3 to 5 wt% affected the thickness swelling of composites, so that the swelling decreased with MAPP fraction. The reason is probably similar to what was discussed in relation to WA. The optimal formulation based on these numerical models, combined by a desirability score for optimization, is also included in Table 7 .
Effect of composition on flexural strength and optimal formulation
The quadratic regression models fitted for the flexural strength MOR at 1 and 6 weeks were MOR W1 ¼ 
The coefficients of rPP (x 1 ), RWF (x 2 ), MAPP (x 3 ), and UV stabilizer (x 4 ) decrease with the immersion time. The UV stabilizer fraction has the largest negative coefficient in the model fits, so it should be minimized. UV stabilizer in WPCs is known to reduce the flexural properties due to nonhomogeneous spatial distribution of wood flour, polymer, and UV stabilizer. 34 Therefore, ability of the stress transfer in the composite structure is reduced. The triangular contour plots in Figure 5(a) and (b) illustrate that an increase of wood flour loading slowly increased MOR at 1 week but greatly decreased MOR at 6 weeks, respectively. The water molecules reduced interfacial adhesion between RWF and polypropylene. 18 When water molecules infiltrate into the composite, the wood flour tends to swell, resulting in localized yielding of the polymer matrix and loss of adhesion between the wood flour and matrix. 18, 36, 37 Furthermore, the addition of MAPP about 3 wt% is close to optimal for MOR, based on the regression fit. Because MAPP acts as a compatibilizer providing a hydrophobic-rich layer attached to wood flour. 38 Thus, MOR increased with the RWF content after immersing for 1 week. Similar results were found in the work of Kuo et al. 10 who reported that the optimal content of MAPP was 3-4.5 wt% because the interfacial adhesion weakens at higher MAPP contents. The optimal composition based on the quadratic regression models is shown numerically in Table 7 .
Effect of composition on flexural modulus and optimal formulation
The special cubic models fitted for the flexural modulus MOE at 1 and 6 weeks were 
These equations show kind of coefficients as flexural strength (MOR), decreasing with immersion time. Figure 6(a) shows that MOE at 1 week (in range of 1.85-2.05 GPa) increased for high fractions of wood flour. Since RWF is a high-modulus material compared to the plastic matrix, composites with higher wood flour concentration require a higher stress for the same deformation. 39 Likewise, fractions of MAPP about 3-4 wt% gave high-flexural modulus. This is because MAPP can improve the interfacial adhesion between wood flour and rPP matrix, leading to improve the stress transfer from polymer to wood particles. 40 However, too much MAPP relative to wood flour will cause self-entanglement, resulting in slippage with the PP molecules. 40 In Figure 6 (b), when composites were soaked in water for 6 weeks, MOE at high 45 wt% RWF fraction was comparable to composites with 25 wt% RWF. The wood flour as hard filler, in comparison to the plastic matrix, increased the stiffness of the composites. With moisture wood flour plasticizes, becoming ductile, this decreased the stiffness of composites. 36 Figure 7 shows the optimal formulation based on the special cubic models for MOE and a desirability score combining their outputs. The optimal formulation is also included in Table 7 .
Effect of composition on maximum strain and optimal formulation
The linear regression models for the maximum strain (max. ") at 1 and 6 weeks were Max:" W1 ¼ 3:72x 1 þ 3:48x 2 þ 2:63x 3 À 7:75x 4 ð16Þ
Max:" W6 ¼ 4:82x 1 þ 3:87x 2 þ 1:23x 3 À 9:29x 4 ð17Þ
The fraction of rPP (x 1 ) has the largest coefficients in the fit, so the maximum strain increased with high fraction of rPP. This is because rPP has high ductility and viscosity, resulting an increase of the maximum strain. In contrast, the maximum strain decreased with the fraction of UV stabilizer (x 4 ) that has a negative coefficient. The reason for this phenomenon is probably similar to that shown in the flexural strength. Using 1 wt% of UV stabilizer may be unnecessary and to reduce the negative effects on the mechanical properties, the amount of UV stabilizer should be minimized. 34 Again, the maximum strain increases with the WA and immersion time. The reason for this is probably similar as described earlier that ductile wet wood increases the maximum strain. Figure 8 shows that the maximum strain decreased with the RWF content. This is due to the increase in the stiffness and brittleness reducing the maximum strain. The stress concentrations at the fiber ends have been recognized as the leading cause for embrittlement. 8 The optimized composition based on these linear regression models is shown numerically in Table 7 .
Optimal formulation of the overall properties based on WA An optimal formulation for rPP/RWF composites was determined to minimize WA and thickness swelling and maximize flexural strength, modulus, and maximum strain. This multiobjective optimization, using all of the regression models, was performed with the DesignExpert software by constructing a desirability score that balances all of the fitted models in Figure 9 . The optimal formulation was 68.9 wt% rPP, 25.0 wt% RWF, 5.0 wt% MAPP, 0.1 wt% UV stabilizer, and 1.0 wt% Lub. The optimal formulation is given in Table 8 , along with the model-based responses. The overall formulations in Table 7 closely agree with this optimum.
Conclusions
Mixture experimental design, statistical model, and optimization were used to quantify the effects of rPP/ RWF composite formulation and to optimize the formulation for moisture resistance. ANOVA revealed that all the component fractions experimentally varied, namely rPP, RWF, MAPP, and UV stabilizer, statistically significantly affected the WA, thickness swelling, flexural strength and modulus, and maximum strain. In general, a high fraction of RWF increased the WA and TS across immersion times due to the free OH Figure 8 . Triangular contour plots for effects of composition on the maximum strain at 6 weeks, with UV stabilizer fixed at 0.5 wt% and Lub at 1 wt%. Figure 9 . The optimal formulation for overall desirability.
groups in wood flour contributing WA. When the composites were soaked in water for 1 week, high fractions of RWF increased MOR and MOE but reduced maximum strain. In contrast, at 6 weeks, the MOR and MOE decreased but maximum strain increased with RWF loading. At the longer immersion time, water reduced the interfacial adhesion between RWF and rPP, and moisture plasticized the wood flour making it ductile. This decreased the strength and stiffness but increased the maximum strain of composites. Therefore, the optimum found had 25 wt% RWF, which was the minimum in the experimental design. The compatibilizer MAPP slightly affected WA and TS, which decreased with the MAPP content. The fraction of UV stabilizer also had negative effects on the WA, MOR, and maximum strain. This study demonstrated design and analysis of mixture experiments as an efficient tool to optimize the formulation of rPP/ RWF composites for minimum WA and for maximum flexural properties.
